I. INTRODUCTION
Among the compounds based on organic cations and halogenometallate anions an interesting group of crystals are those of the general formula A 2 M X 4 , where A is an organic monocation, M a divalent metal, and X a halogen. Their studies have been stimulated by a variety of structural phase transitions associated with ferroelectric, ferroelastic, magnetic and other properties. 1 Of particular interest are the structures with the low-dimensional anionic sublattice patterns. Such crystals usually exhibit a strong anisotropy of properties and are relatively highly susceptible to thermodynamic factors. Temperature or pressure can disturb the balance between the ions and layers leading to structural transformations. The phase transitions in the most abundant halogenometallates containing chainlike cations can in most cases be ascribed to conformational or configurational disordering of the cations ͑see, for example, Ref. 2, and references cited therein͒, or rotational distortions of anionic sublattices. 3, 4 Recently we synthesized new halogenometallates [5] [6] [7] with guanidinium cation ͓C(NH 2 ) 3 ͔ ϩ , which is an essentially planar unit in solids. The studies of guanidinium halogenoplumbates [7] [8] [9] revealed a series of transformable crystals including the crystal belonging to the A 2 M X 4 family, diguanidinium tetraiodoplumbate ͓C(NH 2 ) 3 
Ϫ2 . The latter is especially noteworthy owing to the unique behavior under hydrostatic pressure including a pressure-induced disordering of the cations and the critical point ending the line of isostructural phase transitions. 9 A further extension of these materials are guanidinium halogenostannates. In this paper we describe the structure and properties of diguanidinium tetrachlorostannate ͓C(NH 2 ) 3 ͔ 2 ϩ •SnCl 4 Ϫ2 ͑hereafter G 2 SnCl 4 ). The crystal has been characterized by calorimetric and dielectric measurements at ambient and high hydrostatic pressures as well as by x-ray diffraction at various temperatures. The structure and its temperature evolution is described with reference to the microscopic mechanism of the phase transitions observed in this material. We also indicate and discuss an unusual effect of pressure on the transition mechanism.
II. EXPERIMENT
The crystals were grown by slow evaporation from the saturated aqueous solution of guanidinium chloride and stannous chloride. An excess of guanidinium chloride had to be added to the stoichiometric solution because otherwise the ͓C(NH 2 ) 3 
Ϫ compound was formed, as a rule. The G 2 SnCl 4 crystals crystallized in the form of needlelike pseudohexagonal or triangular prisms, very often twinned and bent.
Calorimetric measurements were performed by differential thermal analysis ͑DTA͒ in the temperature range from 120 to 420 K. The polycrystalline samples of about 50 mg were heated/cooled at a temperature rate ranging from 1 to 5 K/min. Pure indium was used for calibration of the calorimeter. The transition enthalpies and entropies were determined with an accuracy of 10% as mean values of several DTA measurements. The transition temperatures were obtained on the basis of several runs at different temperature rates and then by extrapolation to 0 K/min.
The influence of high pressure on the G 2 SnCl 4 crystal structure was studied by the high-pressure DTA ͑Ref. 10͒ and dielectric methods. The measurements were performed under pressures from 0.1 to 700 MPa in the temperature range between 120 and 380 K. A beryllium-copper cell with helium or nitrogen gas as a pressure transmitting medium PHYSICAL REVIEW B 1 OCTOBER 2000-I VOLUME 62, NUMBER 13 PRB 62 0163-1829/2000/62͑13͒/8787͑7͒/$15.00 8787 ©2000 The American Physical Society was placed in a thermal bath of controlled temperature. Pressure was measured by a manganium gauge with an accuracy of Ϯ2 MPa and the temperature of the sample was controlled inside the cell by a copper-constantan thermocouple. Measurements of dielectric permittivity were made with a HP 4192A impedance analyzer at the electric field frequency of 100 kHz. Samples were prepared in the form of pressed pellets with golden electrodes deposited on the large surfaces. The transition temperatures at various pressures were determined on heating the sample as the onset of thermal or dielectric anomaly. The room temperature x-ray diffraction data set was collected on a Bruker SMART CCD diffractometer with a detector to crystal distance of 60 mm. The data set was collected with 0.3° slices and 40 s data accumulation per frame. Integration, polarization, and Lorentz corrections were performed in SAINT ͑Siemens Analytical Instrumentation, 1996͒, and absorption correction in SADABS. 11 The unit cell dimensions were determined from 6571 reflections.
The high-temperature data set was collected on a KUMA-4 diffractometer. The 2⌰-⌰ scan technique was applied at a variable scan speed ranging from 0.6 to 9°min Ϫ1 . The crystal was fixed in a glass capillary and heated with a hot air stream. The temperature was stabilized within Ϯ0.5K. The unit cell dimensions were determined from 40 automatically centered reflections. Additional information regarding data collection and reduction is given in Table I .
III. RESULTS

A. DTA measurements
Calorimetric measurements revealed three thermal anomalies in the G 2 SnCl 4 crystals as shown in Fig. 1 . The largest anomaly observed on heating the sample at T m ϭ403 K is related to the melting. Two others at T 1 ϭ354.8 and T 2 ϭ395.4 K correspond to the structural phase transitions. The high-temperature phase will be referred to as phase I, the intermediate phase as phase II, and the lowtemperature phase as phase III. Both the shape of the anomalies and their temperature hystereses indicate the first-order character of both transitions. The enthalpy of the phase transition between phases III and II, ⌬H 1 ϭ1.41 kJ mol Ϫ1 , corresponds to the entropy change ⌬S 1 ϭ3.97 J mol Ϫ1 K Ϫ1 . The magnitude of ⌬S 1 can be compared to R ln N 2 /N 3 , where R is a gas constant and N 2 , N 3 are the numbers of configurations in phases II and III, respectively. This comparison yields ⌬S 1 ϭR ln 1.6 indicating that some kind of disordering can be expected in the phase II. A similar procedure applied to the anomaly at T 2 was difficult due to the overlapping of two signals arising from solid-solid and solidliquid phase transitions as seen in Fig. 1 . The estimated value of the transition enthalpy ⌬H 2 ϭ2.77 kJ mol Ϫ1 gives the en- tropy change ⌬S 2 ϭ7.0 J mol Ϫ1 K Ϫ1 , which is close to R ln 2.3. This large transition entropy can be explained only by the order-disorder character of the phase transition at T 2 . The disordered phase I exists in a narrow temperature range between T 2 and the melting point and is difficult for study because of sublimation and a slow crystal decay.
B. Temperature dependence of lattice parameters
The unit-cell dimensions were measured in the temperature range from 290 to 370 K, i.e., in the vicinity of the transition between phases III and II. The structural transformation at T 1 strongly affects the quality of the crystals, which often become twinned after passing to the phase II. This was observed as broadening and splitting of reflections. Several attempts have been made to obtain a single crystal in phase II of satisfactory quality. The unit cells of both phases were chosen conventionally and as a result they do not match. The unit cell of phase III can be transformed to the corresponding unit cell of phase II by a(III)ϭc(II), b(III) ϭa(II), and c(III)ϭb(II). As is seen in Fig. 2 the lattice parameters change abruptly at T 1 , which is consistent with the first-order character of the transition, but the crystal preserves the symmetry of the orthorhombic system. The most profound changes are observed for c and b, which contract significantly when the crystal passes through T 1 . A slight elongation of a does not compensate for these contractions and in a consequence a negative change of the crystal volume is observed.
C. Crystal structure solution and refinements
The crystal structures at 293 and 360 K were both solved and refined in the SHELXTL5 package. 12 Due to relatively poor internal agreement factors for the 360 K data set several attempts were made to solve this structure in a space group lower than Cmca. However, neither of these attempts improved the refinements. As systematic extinctions clearly pointed to Cmca, this space group was finally chosen. The higher symmetry will also better average out spurious effects for example caused by sublimation during data collection. Both structures were solved and refined using the conventional settings. By a transformation of the Cmca cell to the corresponding Pbca cell, the former will transform into Abma. Further, simply by adding an A centering ϩ͑0, 1/2, 1/2͒, to the Pbca symmetry operations one will arrive at the space group Abma. Both structures were refined with anisotropic thermal parameters for nonhydrogen atoms. Hydrogen positions in the 293 K structure were located in difference electron density maps. These positions were refined with a restrained N-H distance of 0.9 Å, while the occupancy factors and thermal parameters were kept constant. In the 360 K structure it was not possible to locate hydrogen positions. In both structures the second guanidinium ion ͓C͑2͒, N͑21͒, etc.͔ was found disordered. The occupancy factors of the split N positions were initially refined, but as they did not deviate significantly from 50/50 occupancy, they were finally fixed with that ratio in both structures. More information on the refinements is found in Table I . The final atomic parameters are given in Table II and some interatomic distances and angles are shown in Table III .
D. Crystal structure description
The crystal structure of G 2 SnCl 4 is built from (SnCl 4 Ϫ2 ) n chains tied together by guanidinium ions ͑Figs. 3 and 4͒. Sn is coordinated by five chlorides in a square pyramid. Including the Sn lone pair, the coordination may be described as octahedral. Each square pyramid is connected through two neighboring corners forming infinite staggered chains. The pyramid tops are always pointing away from the chain, while the Sn lone pairs are pointing towards the chain center line. There are two crystallographically different guanidinium ions in the structure: G(1), which is well ordered at both temperatures, and G(2) which shows a splitting of two of the nitrogen positions in a similar way at both temperatures. The (SnCl 4 Ϫ2 ) n chains and the guanidinium ions are tied together by electrostatic forces due to their charges, and in addition, by several N-H-Cl hydrogen bonds cross linking the chains into a three-dimensional structure. Analyzing the 293 K structure, possible H-Cl hydrogen bonding distances are found in a relatively narrow range of 2.4-2.7 Å, although with large uncertainties. The corresponding N-Cl distances are found in a likewise narrow range 3.2-3.5 Å. The latter range was then applied as a criterion for hydrogen bonding in the 360 K structure. The proposed hydrogen bonds are given in Table IV and are indicated in the structure drawings as open bonds. On the basis of these hydrogen bonds it is seen that G(1) connects the (SnCl 4 Ϫ2 ) n chains on the pyramid top side forming infinite sheets perpendicular to the long axis. This arrangement, including the hydrogen bonding scheme is the same at both temperatures. G(2) on the other hand connects the (SnCl 4 Ϫ2 ) n chains on the lone pair side, and its orientation and hydrogen bonding scheme differs in low-and high-temperature phases as shown in Figs. 3 and 4 . The high-temperature phase is of higher symmetry as it adds an A centering ͑referring to the Pbca cell͒ to the original symmetry elements. The phase transition causes a change in the hydrogen bonding scheme about G(2), but leaves the G(1) bonding unaltered.
E. p-T phase diagram of G 2 SnCl 4
Because of the crystal decomposition, the high-pressure measurements were limited to 380 K, thus the pressure dependence of T 2 was not investigated. According to the Clausius-Clapeyron relation valid for first-order phase transitions dT dp
where T 0 is the transition temperature at ambient pressure, ⌬V is the change in specific volume at T 0 , and ⌬H is the transition enthalpy. The transition at T 1 is associated with a reduction of the crystal volume, which implies a negative pressure coefficient dT/dp. Having determined ⌬H 1 from DTA measurements and ⌬V 1 ϭϪ1.53ϫ10 Ϫ6 m 3 mol
Ϫ1 from x-ray dilatometric studies we calculated dT 1 /dp ϭϪ0.385 K MPa Ϫ1 . This value is in good agreement with the pressure coefficient of Ϫ0.393 K MPa Ϫ1 obtained from the low-pressure (pϽ100 MPa) experimental data shown in Fig. 5 . The boundary between phases III and II is nonlinear and the absolute magnitude of the pressure coefficient increases with increasing pressure. As can be deduced from Eq. ͑1͒ a deviation from linearity of the T 1 (p) dependence can originate in the diminution of the transition enthalpy, in the increase of ⌬V 1 , or in the changes of both these quantities induced by pressure. At elevated pressures the DTA anomaly broadens and becomes hardly detectable around 180 MPa, and finally, at higher pressures, two peaks were observed in the heating runs, as illustrated in Fig. 6 . It was characteristic that, in the studied pressure range, only one 
peak was observed on cooling the sample. The occurrence of an additional thermal anomaly indicates that the crystal undergoes a pressure-induced phase transition. A new intermediate phase IV occurs between phases III and II starting from a triple point situated near 180 MPa and 270 K. Calorimetric results were corroborated by dielectric studies. At ambient pressure the anomaly of dielectric permittivity ͑see Fig. 7͒ shows a steplike behavior, which is typical of first-order phase transition. The transition was observed on heating and cooling the sample with a temperature hysteresis of about 8 K. At elevated pressures the temperature hysteresis increases by almost a factor of 2 and above 180 MPa two steplike anomalies occur in the Ј(T) dependence. In the pressure range up to 700 MPa these two anomalies occurred in the heating runs while on cooling the sample, only one jumpwise change was observed. This is due to different temperature hystereses of the transitions between phases III and IV and between phases IV and II. So, the pressure-induced phase IV can exist only when the crystal is heated from the lowtemperature phase III.
IV. DISCUSSION
The magnitude of the transition entropy indicates an order-disorder contribution to the phase transition at T 1 . The total entropy gain ⌬S 1 ϭR ln 1.6 is lower than that expected for a two-positional disorder (R ln 2), but it should be noted that ⌬S 1 contains essentially two main components, i.e., a configurational entropy change ⌬S 1 c and a volume-related entropy change ⌬S 1 v . Formally this can be expressed as the sum
but owing to an interdependence between the configurational and volume contributions, Eq. ͑2͒ can only be regarded as an approximation. The volume term can be estimated from the following expression:
where ␣ is the volume thermal expansion coefficient, ␤ the compressibility, and ⌬V 1 is the volume change at T 1 . Taking into account that in our case ⌬V 1 Ͻ0 and ␣Ͼ0 ͑see Fig. 2͒ , the volume-related entropy change has to be negative. Thus ⌬S 1 c is higher than ⌬S 1 and actually can be close to R ln 2. On the other hand, the 10% jumpwise change of the real part of dielectric constant at T 1 ͑see Fig. 7͒ indicates that the polarizability of the cation-anion system is higher in phase II, which can be connected to the dynamic disordering of G(2) in two sites above T 1 . This is consistent with the refinement of the crystal structure at 360 K. The splitting of G(2) was also found at room temperature, in phase III, but from the lack of any phase transition down to 80 K we can conclude that this is a static rather than dynamic distribution of the guanidinium cations. It is possible that G(2) assumes randomly one of two sites, however, in that case it is difficult to explain the entropy change ⌬S 1 . Most likely the splitting of G(2) in phase III can be described as an ordering in alternating sites. This should result in a lowering of symmetry or a doubling of the unit cell. However, because the guanidinium cations are weak x-ray scatterers in comparison to more strongly scattering heavy atoms constituting the G 2 SnCl 4 structure, the arrangement of G(2) in alternating sites can produce very weak extra reflections which are hardly detectable.
Dynamical disordering of the N(22)H 2 and N(23)H 2 groups induces changes in the charge distribution and modifies the electrostatic interactions between the G(2) cations and polyanionic chains. It is important that this disordering is coupled to the displacement of the double G(1) linked sheets along b and to the transformation of the hydrogen bonding pattern formed by G(2) ͑compare Figs. 3 and 4͒. As a result the voids occupied by G(2) cations collapse, which is clearly seen as a shortening of the unit cell parameter c ͑Fig. 2͒. The complex transition mechanism is very similar to that occurring between the disordered hexagonal and ordered monoclinic phases in the crystals of (CH 3 ) 4 NMnCl 3 and (CH 3 ) 4 NCdCl 3 whose anionic sublattices consist of the chains of the octahedra. [14] [15] [16] These similarities concern the coupling between the order-disorder process due to the organic cations and the displacive contribution coming from the antiparallel displacements of the polyanionic units. However, it should be stressed that in the case of G 2 SnCl 4 the transformations of the polyanionic sublattice are very profound. The transition requires a simultaneous antiphase displacement of the neighboring couples of sheets by about 1.6 Å which imposes a cooperative behavior of the chains of pyramids in the double sheets.
The voids occupied by G(2) cations seem to be the most pressure-susceptible elements of the G 2 SnCl 4 structure. At elevated pressures they are compressed, which reduces the distance between the double sheets and changes the potential determining the G(2) site. This facilitates the transition, which is observed as a decrease of T 1 with increasing pressure. It is plausible that at high pressures, around 180 MPa, the coupling between the order-disorder and displacive factors weakens and finally two phase transitions occur. As illustrated in Fig. 7 , for pressures above the triple point, the first dielectric anomaly observed on heating the sample is pronounced and occurs with a small temperature hysteresis while the second one is much smaller and exhibits a very large hysteresis. Moreover, the total change of the dielectric constant related to both these transitions is approximately the same as that observed at the one-step anomaly below the triple point. Taking into account, additionally, the differences in the magnitude of the thermal anomalies above the triple point, it is reasonable to assume that the transition between phases III and IV is mostly related to the disordering of the guanidinium cations while the transition between phases IV and II essentially has a displacive nature. It seems that at elevated pressures the arrangement of the polyanions in the Cmca phase is stabilized by dynamical disordering of the G(2) cations and their hydrogen bonds. On the other hand, when the Pbca phase is heated the onset of disordering is not sufficient to provoke a rearrangement of the lowtemperature polyanionic substructure. These suggestions require, however, further studies under pressure. An interesting problem is also the broadening of the transition anomalies observed both in the calorimetric and dielectric studies at the pressures above the triple point. The triangular shape of thermal anomalies ͑see Fig. 6͒ can suggest a significant role of critical fluctuations in the crystal at elevated pressures.
V. CONCLUSIONS
The characteristic feature of the G 2 SnCl 4 crystals is the one-dimensional polyanionic sublattice. The (SnCl 4 Ϫ2 ) n chains built of square pyramids sharing corners form two kinds of voids occupied by guanidinium cations involved in two different patterns of hydrogen bonds. This differentiates the cations, their interplay with the polyanionic sublattice and their behavior at varied thermodynamic conditions. Structural peculiarities are prominent in the mechanism of the phase transitions observed at ambient and high pressures. The transition between phases III and II is markedly related to two coupled parameters arising from the displacive and order-disorder contributions. It is apparent that relatively low hydrostatic pressures induce profound changes modifying this coupling and leading to the pressure-induced phase IV. The effect of pressure is strictly related to the anisotropy of the G 2 SnCl 4 structure.
